The use of aspirin is widely recommended for the prevention of heart attacks owing to its ability to inhibit platelet activation by irreversibly blocking cyclooxygenase 1. However, aspirin also affects the fibrinolytic and hemostatic pathways by mechanisms that are not well understood, causing severe hemorrhagic complications. Here, we investigated the ability of aspirin and aspirin metabolites to inhibit thrombin-activatable fibrinolysis inhibitor (TAFI), the major inhibitor of plasma fibrinolysis. TAFI is activated via proteolytic cleavage by the thrombin-thrombomodulin complex to TAFIa, a carboxypeptidase B-like enzyme. TAFIa modulates fibrinolysis by removing the C-terminal arginine and lysine residues from partially degraded fibrin, which in turn inhibits the binding of plasminogen to fibrin clots. Aspirin and its major metabolites, salicylic acid, gentisic acid, and salicyluric acid, inhibit TAFIa carboxypeptidase activity. Salicyluric acid effectively blocks activation of TAFI by thrombin-thrombomodulin; however, salicylates do not inhibit carboxypeptidase N or pancreatic carboxypeptidase B. Aspirin and other salicylates accelerated the dissolution of fibrin clots and reduced thrombus formation in an in vitro model of fibrinolysis. Inhibition of TAFI represents a novel hemostatic mechanism that contributes to aspirin's therapy-associated antithrombotic activity and hemorrhagic complications.
Introduction
Aspirin (acetylsalicylic acid, ASA), one of the oldest known drugs, is one of the most widely used over-thecounter medications for the treatment of pain and inflammation. The antithrombotic effect of aspirin has long been recognized, and low doses of aspirin are recommended for the prevention of ischemic events in patients with coronary artery disease (CAD). The use of aspirin alone or in combination with other antithrombotics significantly reduces the incidence of cardiovascular death, stroke, and myocardial infarction. In large clinical studies, aspirin significantly reduced the occurrence of myocardial infarction and the mortality rate of patients with unstable angina pectoris.
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Recent studies have shown that aspirin given shortly after coronary artery bypass surgery also greatly reduced the mortality, stroke, and other ischemic complications. 4 Aspirin therapy is now generally considered routine practice and has become the most widely prescribed prophylactic antiplatelet drug owing to its efficacy and low cost.
The action of aspirin and other nonsteroidal anti-inflammatory drugs (NSAIDs), such as indomethacin, acetaminophen, and ibuprofen, is thought to be mostly derived from the selective inhibition of cyclooxygenases 1 and 2 (COX-1 and COX-2). COX-1 catalyzes the synthesis of thromboxane A2 (Tx-A2), which causes platelet activation, vasoconstriction, and smooth muscle proliferation. 5, 6 Aspirin at low doses selectively and irreversibly inhibits COX-1 and blocks the formation of Tx-A2. Vane et al. 7 showed that by blocking the synthesis of prostaglandins, aspirin prevented blood platelets from aggregating, one of the initial steps in the formation of blood clots. At higher doses, aspirin inhibits COX-2, which controls the synthesis of prostacyclin, another regulator of platelet function, and mediates antiinflammatory, analgesic, and anticancer effects. Aspirin has been shown to synergize antithrombotic therapy with a tissue plasminogen activator (tPA) or a streptokinase treatment for acute myocardial infarction, 9 although gastric and cerebral hemorrhages are significant and dangerous complications. 10 However, antiplatelet activity cannot fully account for all the beneficial antithrombotic activities of aspirin.
11 Evidence indicates that the beneficial effects of aspirin may also be mediated by direct effects on the coagulation and fibrinolytic pathways. Aspirin was found to reduce thrombin generation at the site of injury and affect tissue factor-initiated coagulation.
12 Enhanced plasma fibrinolysis has frequently been demonstrated during aspirin therapy.
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The mechanism by which aspirin alters fibrinolysis has not been fully elucidated. Low-dose aspirin was found to leave the fibrinolytic capacity of the vessel wall intact 17 and increase fibrin gel porosity in vitro. 18 Enhanced fibrinolysis associated with aspirin administration was independent of tPA levels and may be associated with fibrinogen acetylation. 19 Aspirin-induced alterations in the fibrinolytic pathway may act synergistically with antiplatelet effects to promote antithrombotic activity. Unfortunately, induction of profibrinolytic activity could also lead to an imbalance in hemostasis and increase the likelihood of dangerous gastric and cerebral bleeding side effects.
Thrombin-activatable fibrinolysis inhibitor (TAFI), also called plasma procarboxypeptidase B or U, is a 60-kD plasma protein that plays an important role in regulation of the balance between fibrinolysis and coagulation. 20, 21 TAFI is converted to an active carboxypeptidase enzyme (TAFIa, 35 kD) via proteolytic cleavage by the thrombin-thrombomodulin (TH/TM) complex or plasmin. 22, 23 TAFIa modulates fibrinolysis by removing C-terminal lysine residues from partially degraded fibrin, which inhibits the binding of plasminogen to fibrin clots and results in a reduced rate of fibrinolysis. Changes in plasma TAFI levels have been reported in various pathological conditions including liver disease, 24 leukemia, 25 disseminated intravascular coagulation, 26 CAD, 27 and deep vein thrombosis. 28 Alterations of fibrinolysis in hemophilia have recently been associated with enhanced plasmin-induced TAFI activation. [29] [30] [31] [32] Inhibition of the carboxypeptidase activity of TAFI has been shown to modulate fibrinolysis in vivo and alter hemostatic balance toward a profibrinolytic state.
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In this report, we investigated whether aspirin-induced alterations in fibrinolytic activity are mediated by TAFI inhibition. We studied the effects of aspirin and major aspirin metabolites (Figure 1 ) on TAFIa carboxypeptidase activity and on TH/TM-induced TAFI activation. Aspirin and various other salicylates (but not acetaminophen or ibuprofen) inhibited TAFIa carboxypeptidase activity. Salicyluric acid (SU) was found to inhibit TH/TM-induced TAFI activation. Salicylates that inhibited TAFI were also tested in in vitro models of thrombosis and fibrinolysis. We propose the use of aspirin and its metabolic derivatives to inhibit TAFI as a novel mechanism that leads to enhanced fibrinolytic activity. Drug-induced increased fibrinolysis can augment the beneficial antithrombotic activity of aspirin and potentiate the dangerous bleeding complications associated with aspirin therapy. Inhibition of TAFIa. TAFIa (50 ng) was preincubated with and without the indicated drugs in 200 mM Tris buffer, pH 7.4 for various periods of time at room temperature. Residual carboxypeptidase activity was determined using the components from ACTIFLUOR TAFI kit. Substrate A (30 µL) and Substrate B (30 µL) were added to TAFIa aliquots (160 µL) in microtiter wells. The reaction was ran for 40 min and stopped with 50 µL of the Fluorescence Quencher. Fluorescence was measured in a SpectroMax Spectrofluorometer (Molecular Devices, CA) at ε ex = 563 nm and ε em = 590 nm.
Effects of Salicylates on Activation of TAFI by Thrombin/Thrombomodulin. Test compounds were dissolved in 20 mM Tris-HCl, pH 7.4 and added into the microtiter wells containing TAFI. Thrombin/thrombomodulin was added to the wells, and the activity of TAFIa was monitored by removing 20 µL aliquots from microtiter wells and measuring residual TAFIa activity.
Analysis of TAFI Activation by SDS-PAGE. TAFI and thrombin/thrombomodulin complex was incubated with various salicylate compounds for 30 minutes at 37 o C. The reaction mixtures were applied onto sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE; 5-20%). The gels were stained using silver stain or Coomassie Blue.
Clot Formation Assay. Test compounds (50 µL) at various concentrations were mixed with normal human plasma (100 µL) in microtiter wells. Initiation of clot formation was done by adding 10 µL of 5 mM CaCl 2 , 15 µL of thrombin (15 ug/mL) and rabbit thrombomodulin (1.6 U/ mL). The change in turbidity was monitored at 340 nm during incubation at 37 o C over 20 minutes. Clot Lysis Assay. Test compounds (50 µL) or buffer (50 µL as control) were added to 100 µL normal human plasma into microtiter plate wells. The clots were formed by adding 5 mM CaCl 2 (10 µL) and 15 µL of a complex of thrombin (15 ug/mL) and rabbit thrombomodulin (1.6 U/ mL). Clot formation was monitored at 37 o C for 20 minutes at 405 nm in a Spectromax 190 microtiter plate reader (Molecular Devices Corp., Menlo Park, CA). Human tPA (100 ng) and was added to the clot and fibrinolysis was monitored by observing the changes in the turbidity of the clot at 340 nm. The time (t½) to achieve 50% of the dissolution of clot at a given concentration of test compound was determined. 
Results
Effects of Aspirin and Salicylates on TAFIa Activity. TAFIa activity was significantly reduced in a concentrationdependent manner when the enzyme was preincubated with aspirin and its derivatives ( Fig. 2(a) ). Aspirin had no apparent effect on TAFIa activity when it was added to the enzymatic substrate without preincubation. The 3 major aspirin metabolites were also evaluated for their ability to inhibit TAFIa. As shown in Table 1 , SU was the most potent inhibitor with preincubation with TAFIa, followed by SA3 and SA. The effect of preincubation time on TAFIa activity at various SU concentrations is shown in Figure 2(b) . As the SU concentration increased, the TAFIa inactivation rate increased as well. TAFIa carboxypeptidase activity was not significantly reduced without preincubation of the enzyme with SU, SA3, or SA (data not shown). These findings indicate that aspirin and aspirin metabolites are noncompetitive inhibitors of TAFIa. We found little or no effect upon the preincubation of TAFIa with 2 other NSAIDs, ibuprofen and acetaminophen (data not shown), suggesting that salicylates specifically inhibit TAFIa activity.
Gentisic Acid is a Competitive Inhibitor of TAFIa. Gentisic acid, another major metabolite of aspirin, was found to interact differently with TAFIa than the other salicylates. The simultaneous addition of GA and the TAFIspecific fluorescence substrate to TAFIa resulted in a concentration-dependent inhibition of carboxypeptidase activity. GA was an effective competitive inhibitor of TAFIa, with a Ki of 120 µM (Table 1, Figure 3 ). The number and position of the hydroxyl groups on the benzoic acid ring of the salicylates influenced drug binding to TAFIa and inhibition of carboxypeptidase activity.
Effect of Salicylates, Ibuprofen, and Acetaminophen on TH/TM-Induced TAFI Activation. The above-mentioned results suggest that different salicylates may specifically bind to TAFI in different ways or at different site(s). We investigated whether the ability of the TH/TM complex to proteolytically cleave TAFI to TAFIa may be affected by various salicylates or NSAIDs. Aspirin or other salicylates were added to TAFI, and the TH/TM complex and proteolytic cleavage products were analyzed using SDS-PAGE (Fig. 4(a) ). TAFI (60 kD) was almost completely converted to TAFIa (35.8 kD) by incubation with the TH/TM complex (lane 7). When SA was added to the activation mixture (lane 2), a major new TAFI proteolytic degradation species (approximately 55 kD) was generated in addition to TAFIa. This protein was not generated in the TH/TM control. This 55-kD proteolytic product was also observed in lesser amounts when aspirin (lane 1) or gentisic acid (lane 3) was added to the mixture. However, a different proteolytic degradation pattern was seen upon the addition of SU to the TAFI activation mixture. SU inhibited the proteolytic cleavage of TAFI to TAFIa by TH/TM (lane 4), and little if any of Figure 2 . A. Thrombin-activatable fibrinolysis inhibitor a (TAFIa) was preincubated with various concentrations of aspirin ( ), salicylic acid ( ), 3-salicylic Acid ( ), and salicyluric acid ( ) for 1 hour at 4 °C, and the residual carboxypeptidase activity was determined using a fluorescence assay. B. Effect of incubation time with salicyluric acid on TAFIa by measuring its activity with its fluorescence substrate. Control ( ), 200 mM ( ), 400 mM ( ), and 800 mM ( ). The control was referred as TAFIa with buffer and its substrate. The unit was in relative fluorescence unit (RFU), which was normalized to the initial activity. the 55-kD species was generated. Ibuprofen (lane 5) and acetaminophen (lane 6) had no significant effect on TAFI cleavage by TH/TM. In a follow-up experiment, inhibition of TH/TM-induced cleavage of TAFI was dependent on the SU concentration (Fig. 4(b) ). Thus, the binding of various salicylates can affect the conversion of TAFI to TAFIa by the TH/TM complex and inhibit carboxypeptidase activity.
Effect of Salicylates on an in vitro Fibrinolysis Model. The biochemical studies described previously clearly show that aspirin and various salicylates can inhibit TAFI activation and/or directly inhibit TAFIa carboxypeptidase activity. We investigated whether aspirin or related salicylates can inhibit the antifibrinolytic function of TAFI in an in vitro fibrinolysis model (Table 2 , Fig. 5) . GA, the salicylate that competitively inhibits TAFIa (as discussed in the previous sections), was the most potent effector of clot lysis. Significantly reduced clot lysis time was also found with SU, which was shown to be an effective blocker of TH/TM-induced TAFI activation and a noncompetitive inhibitor of TAFIa activity. Aspirin and SA were the least active salicylates in the clot lysis model. Potato tuber carboxypeptidase inhibitor (PTCI), a specific inhibitor of TAFI, was used as a positive control in these studies. The reduction of clot lysis time by Figure 4 . A. Thrombin-activatable fibrinolysis inhibitor (TAFI) was activated by thrombin-thrombomodulin (TH/TM) in the presence of various compounds. After 20 minutes, aliquots were removed, analyzed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and performed silver staining. Lane 1, acetylsalicylic acid; 2, salicylic acid; 3, gentisic acid; 4, salicyluric acid; 5, ibuprofen; 6, acetaminophen; 7, TAFI; 8, TAFI with no TH. *indicated the unusual TAFI activation by thrombin/ thrombomodulin from binding of aspirin onto TAFI. B. Effect of different concentrations of salicyluric acid on TAFI activation by TH/TM from SDS-PAGE, stained with Coomassie blue. Lane 1, 42 µg/mL; 2, 21 µg/mL; 3, 10 µg/mL; 4, 5 µg/mL; 5, control; 6, TAFI with no TH/TM. Figure 5 . Effects of aspirin, salicylates, and nonsteroidal antiinflammatory drugs on in vitro fibrinolysis. Aspirin ( ), salicyluric acid ( ), or salicylic acid ( ), and gentisic acid ( ) were added to the fibrinolysis assay. Potato tuber carboxypeptidase inhibitor ( ) was used as a positive control. The control indicated the negative control with buffer only.
• ▲ ○ △ □ Figure 6 . Effects of aspirin, salicylates, and nonsteroidal antiinflammatory drugs on in vitro clot formation. A. Aspirin ( ), ibuprofen ( ), or acetaminophen ( ) was added to the clot formation assay. B. Same as 6A except aspirin ( ), salicyluric acid ( ), 3-salicylic acid ( ), or salicylic acid ( ). Potato tuber carboxypeptidase inhibitor ( ) was used as a positive control. Effect of Salicylates on Clot Formation. TAFI is not only involved in fibrinolytic dissolution of clots but also functions during thrombus formation. We determined whether salicylates also affect thrombus formation in vitro via TAFI inhibition. Thrombin-mediated clot formation was inhibited by aspirin compared to ibuprofen or acetaminophen ( Fig.  6(a) ). SU showed greater activity than the other noncompetitive salicylate inhibitors, namely, SA3 and SA (Fig.  6(b) ). PTCI was used as a positive control in this study.
In the above-mentioned studies, thrombin was used to initiate clot formation. Control studies were done to show that the inhibition of clot formation was due to the effects of the salicylates on TAFI and not on thrombin. Each compound was tested for its ability to inhibit thrombin protease activity. None of the tested compounds inhibited the ability of thrombin to cleave a chromogenic peptide substrate (data not shown). Therefore, the inhibition of clot formation was due to TAFI inhibition and not thrombin inhibition.
Discussion
The present study showed that aspirin therapy could shift the hemostatic balance toward a profibrinolytic state by inhibiting TAFI, the major protein in plasma that regulates fibrinolysis. Aspirin and a number of its major metabolites inhibited the carboxypeptidase activity of TAFIa (Fig. 2(b) and Table 1 ). Aspirin, SA, and SU can be classified as noncompetitive inhibitors of TAFIa owing to their ability to inhibit carboxypeptidase activity after a short preincubation period with TAFIa. The rank order of potency was SU > SA > aspirin, indicating that some aspirin metabolites were more potent inhibitors than aspirin itself. GA, unlike the other salicylates, was found to be a relatively potent competitive inhibitor and directly blocked the interaction of TAFIa with the low-molecular-weight substrate used in the fluorescence assay. We conclude that the position of the hydroxyl group(s) on the benzoic acid ring of salicylates could have a profound effect on the drug's interaction with TAFIa.
It is possible that different salicylates bind to distinct site(s) on TAFIa or bind in different orientations at the same site. The mechanism of TAFIa inhibition is likely determined by the mode in which the salicylate binds to TAFIa. TAFIa is a naturally unstable enzyme that rapidly inactivates at 37°C (t½ = 10 minutes) by undergoing a conformational change to TAFIai. 23 However, the stability of TAFIa is significantly greater at lower temperatures. In the abovementioned studies, TAFIa was found to rapidly lose enzymatic activity, when preincubated with aspirin and certain various other salicylates at room temperature or at 4°C. The binding of salicylates to TAFIa may induce similar conformational changes that occur at elevated temperatures, resulting in the rapid loss of activity. Aspirin is more reactive than other salicylates and is known to irreversibly acylate proteins (e.g., COX-1 and fibrinogen). 34, 35 It is possible that the loss of carboxypeptidase activity induced by aspirin may also be due to irreversible TAFIa acylation. The molecular mechanisms of TAFIa inhibition by various salicylates require further study. It is an interesting finding that other NSAIDs, such as ibuprofen and acetaminophen, had little inhibitory effect on TAFIa activity. This finding indicates that TAFIa inhibition is specific for the salicylate class of NSAIDs.
Concentrations of aspirin and its major metabolites can reach very high levels in blood, especially when high doses are taken to treat anti-inflammation and analgesia. The target plasma salicylate concentrations for antithrombotic aspirin therapy are in the range of 100-150 µg/mL.
36 During highdosage aspirin therapy (0.75-1.5 g/day) for the treatment of inflammation or analgesia, plasma salicylate levels can exceed 400 µg/mL (> 3 mM). 37 Salicylates also remain in the blood for long periods of time (approximately a 6-hour half-life). 38, 39 Aspirin had an IC 50 for TAFIa inhibtion at approximately 600 µg/mL. The aspirin metabolic derivatives GA, SA, and SU were more potent than aspirin, with IC 50 concentrations of 100-200 µg/mL. Upon administration of moderate to high doses of aspirin, salicylates are likely to be present for a sufficient time at the concentrations required to inhibit TAFIa and/or block TAFI activation (see the discussion that follows). Therefore, alterations in fibrinolytic activity associated with aspirin therapy are likely attributable to TAFI inhibition by salicylates under normal physiological conditions. Some salicylates can also affect TAFI function by inhibiting the TH/TM-induced activation by proteolytic cleavage. The results of the SDS-PAGE analysis (Fig. 4(a) ) indicated that SU, the most potent of the TAFIa noncompetitive inhibitors, specifically binds to TAFI site(s) blocking the proteolytic cleavage by TH/TM. When SA and aspirin were added to the TAFI activation reaction, a new 55-kD proteolytic cleavage product was observed. The binding of SA and aspirin to TAFI apparently exposes a new TH/TM proteolytic cleavage site on TAFI. Thus, SA and aspirin appear to bind to TAFI in a manner that differs from that of SU. It was difficult to obtain immune-blot of the gel at present, which could be due to the sensitivity of the TAFI antibody, disappearance of the epitope, or low concentrations of new band. The identification of the new cleavage sites after the binding of salicylates to TAFI remains to be determined in future. The new TAFI-related proteolytic cleavage products observed with salicylates might themselves have interesting biological properties that remain to be investigated. Ibuprofen and acetaminophen (Fig. 4(a) , lanes 5 and 6, respectively) had little or no effect on TAFI activation by the TH/TM complex. Thus, salicylates can modulate TAFI-mediated effects on fibrinolysis through 2 mechanisms: (1) retarding activation of TAFI to TAFIa and (2) inhibiting TAFIa carboxypeptidase activity (Fig. 7) . Undas et al. 12 recently showed that thrombin generation at the wound site is also inhibited by aspirin. Since thrombin is a major proteolytic activator of TAFI, aspirin-induced downmodulation of thrombin generation may also contribute to reduced TAFIa generation.
Carboxypeptidase N (CPN), an enzyme that also removes C-terminal lysine and arginine from proteins, is constitutively expressed in plasma. None of the salicylates that showed activity against TAFI inhibited CPN. In addition, a different pattern of inhibition by salicylates was noted against pancreatic carboxypeptidase B versus TAFI. Thus, TAFI inhibition by various salicylates appears to be specific to TAFI carboxypeptidase activity (data not shown).
It is interesting that SU was shown to exert analgesic and anti-inflammatory effects but was a poor inhibitor of COX-1.
33,34 Studies of SU administration in rabbits caused significantly reduced gastric toxicity compared with SA. 35 Thus, SU and possibly its related derivatives may represent an interesting class of antithrombotic drugs based on its ability to enhance fibrinolysis via TAFI inhibition while not inhibiting platelets or causing gastric mucosal damage owing to its inability to inhibit COX-1.
The salicylates also showed activity in the in vitro fibrinolysis and thrombosis models (Figs. 5 and 6(b) ). Aspirin, SU, and GA significantly shortened clot lysis time, a finding that is consistent with the TAFI inhibition in this model. Similarly, the salicylates prolonged clot formation, indicating that TAFI was inhibited by the drug. The experimental results in these biological models lend further support to biochemical studies in which aspirin and aspirin derivatives inhibit TAFI.
In conclusion, we have identified a novel mechanism by which aspirin therapy enhances fibrinolytic activity in the blood via TAFI inhibition. The beneficial effects of aspirin as a prophylactic treatment of cardiovascular disease and its use during antithrombotic therapy can be attributed to a synergistic interaction between enhanced fibrinolysis due to TAFI inhibition and antithrombotic activity by inhibiting COX-1. In addition, the dangerous gastric and cerebral hemorrhagic complications of aspirin therapy may also be attributed to hemostasis imbalances caused by profibrinolytic activity mediated by TAFI inhibition. It would be important to determine whether TAFI or TAFIa administration can counteract the gastric and cerebral bleeding complications associated with high doses of aspirin. These results also suggest that anti-inflammatory and antithrombotic drugs should be screened for anti-TAFI activity to enable full assessment of the full therapeutic consequences of a drug treatment.
